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A three-dimensional (3-D) lung aggregate model was developed from A549 human lung epithelial cells by
using a rotating-wall vessel bioreactor to study the interactions between Pseudomonas aeruginosa and lung
epithelial cells. The suitability of the 3-D aggregates as an infection model was examined by immunohisto-
chemistry, adherence and invasion assays, scanning electron microscopy, and cytokine and mucoglycoprotein
production. Immunohistochemical characterization of the 3-D A549 aggregates showed increased expression of
epithelial cell-specific markers and decreased expression of cancer-specific markers compared to their mono-
layer counterparts. Immunohistochemistry of junctional markers on A549 3-D cells revealed that these cells
formed tight junctions and polarity, in contrast to the cells grown as monolayers. Additionally, the 3-D ag-
gregates stained positively for the production of mucoglycoprotein while the monolayers showed no indication
of staining. Moreover, mucin-specific antibodies to MUC1 and MUC5A bound with greater affinity to 3-D
aggregates than to the monolayers. P. aeruginosa attached to and penetrated A549 monolayers significantly
more than the same cells grown as 3-D aggregates. Scanning electron microscopy of A549 cells grown as
monolayers and 3-D aggregates infected with P. aeruginosa showed that monolayers detached from the surface
of the culture plate postinfection, in contrast to the 3-D aggregates, which remained attached to the micro-
carrier beads. In response to infection, proinflammatory cytokine levels were elevated for the 3-D A549 ag-
gregates compared to monolayer controls. These findings suggest that A549 lung cells grown as 3-D aggregates
may represent a more physiologically relevant model to examine the interactions between P. aeruginosa and the
lung epithelium during infection.

Cell culture models have been widely used to study the
infectious process of Pseudomonas aeruginosa. The most fre-
quently used in vitro model of lung epithelia is the monolayer,
where cells are grown on flat plastic surfaces. While this system
has provided important insight into the fundamentals of host-
pathogen interactions, it is not without limitations. Studies
show that when cells are removed from their host tissue and
grown as monolayers on impermeable surfaces, they undergo
dedifferentiation and lose specialized functions (13). This is
thought to be, in part, the result of the disassociation of cells
from their native three-dimensional (3-D) tissue structure in
vivo to their two-dimensional propagation as monolayers on
plastic surfaces (13, 43). Given the inherent limitations of
conventional monolayers, the availability of models preserving
properties of in vivo tissues that are easily manipulated would
benefit the exploration of host-pathogen interactions.

The rotating-wall vessel (RWV) bioreactor (Fig. 1) is an
optimized suspension cell culture technology designed for
growing 3-D cells under conditions that promote many of the
specialized features of in vivo tissues (16, 38, 43). The principal
design feature of the RWV bioreactor is a horizontally rotating
vessel that is completely filled with culture medium. As the
vessel rotates, both the wall and the fluid mass rotate at the
same angular rate, i.e., as a solid body. The sedimentation of
the cells within the vessel is offset by the rotating fluid, creating
a constant free-fall of the cells through the culture medium.
Because the cells are maintained in a gentle fluid orbit, cells
grown in the RWV are able to attach to one another, form the
fragile connections required for complex 3-D structures, and
attain a more “tissue-like” phenotype. Thus, unlike cell and
tissue cultures grown in 2-D monolayers, cells cultured in the
RWV bioreactor are more structurally and functionally similar
to in vivo cells and tissues. Moreover, due to its low-shear/
turbulence operation, the RWV reactor minimizes mechanical
cell damage and thus largely solves the challenges of suspen-
sion culture: to suspend cells and microcarriers without induc-
ing turbulence, or large degrees of shear, while providing ad-
equate nutrition and oxygenation (15, 16, 28).

Nickerson et al. used the RWV reactor to generate high-
fidelity 3-D cultures of human intestinal epithelial cells as a
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model system to study the infectivity of the enterobacterial
pathogen Salmonella enterica serovar Typhimurium (27).
These investigations showed that 3-D cells more closely mod-
eled in vivo parental tissue than did conventional monolayer
cultures of the same cells. In response to infection with S. en-
terica serovar Typhimurium, important differences were ob-
served between the 3-D cells and the same cells grown as mono-
layers, including differences in tissue pathology, adherence,
invasion, apoptosis, and expression of cytokines (27). Many of
these differences appeared to be more reflective of an in vivo
infection (27). We have chosen to expand these studies into a
lung cell model by using the A549 cell line because it has been
widely used in studying P. aeruginosa pathogenesis (2, 8, 17, 29,
47). Moreover, when A549 cells are cultured as monolayers,
they do not retain the structural or functional characteristic
of the tissue from which they were derived (3, 46). Together,
these characteristics of the A549 cell line make it a good
candidate for RWV growth to enhance their physiological rel-
evance in pathogenesis studies. Here, the RWV bioreactor was
utilized, in conjunction with cultivation of 3-D aggregates of
A549 lung epithelial cells, to explore the possibility that the
low-shear culture environment in the RWV reactor may pro-

duce a differentiated cell culture model more capable of rep-
licating an in vivo P. aeruginosa lung infection.

MATERIALS AND METHODS

Bacterial strains and growth conditions. All infectivity studies were performed
using P. aeruginosa strain PAO1 (18). Bacterial cells were grown in Luria-Bertani
broth at 37°C with aeration to an optical density at 600 nm of 0.4, corresponding
to the mid-log growth phase. Unless otherwise stated, all studies were performed
at a multiplicity of infection of 10:1.

3-D A549 cell culture methods. The human tumorigenic lung epithelial cell
line A549 was obtained from the American Type Culture Collection (CCL-185).
A549 cells to be cultured in three dimensions were initially grown in Corning T75
cell culture flasks containing GTSF-2 (HyClone) (22) supplemented with 10%
fetal bovine serum and 100 �g of penicillin-streptomycin (Invitrogen) per ml at
37°C in 5% CO2 before being seeded into the RWV bioreactor. On reaching
75% confluency, the A549 cells were washed with phosphate-buffered saline
(PBS) and then removed from the flask by the addition of 0.25% trypsin and
washed twice with PBS. Approximately 5 � 106 cells were then resuspended in
fresh GTSF-2 containing 5 mg of Cytodex-3 microcarrier beads (Sigma) per ml;
these are type I collagen-coated dextran beads (average diameter, 175 �m). The
cells and beads were incubated together for 30 min at room temperature to allow
for attachment before being placed into the RWV (Synthecon, Inc.) and cultured
in GTSF-2 as previously reported (27). For all studies, except where noted, the
3-D aggregates were cultured in the RWV reactor for 12 to 14 days; then, on the
day of the experiments, they were seeded on 24-well plates and fresh medium was
added. A549 control monolayers were cultured in 24-well plates to 75% conflu-
ency (2 to 3 days) in GTSF-2 at 37°C under 5% CO2.

Cell viability analysis. A549 3-D aggregates were cultured for 1, 2, or 4 weeks
in the RWV reactor, while monolayer controls were grown to 75% confluency.
The A549 3-D aggregates were dissociated into individual cells by treatment with
0.25% trypsin and then passed through a 104-�m stainless steel cell dissociation
sieve (Sigma) to remove the carrier beads. The monolayers were released with
0.25% trypsin. The A549 monolayers and 3-D aggregates were aliquoted into
separate tubes and stained with fluorescein isothiocyanate FITC-conjugated
annexin V, propidium iodide, or FITC-conjugated annexin V and propidium
iodide (R&D Systems) as specified by the manufacturer. The cells underwent
analysis on a FACSCaliber flow cytometer (Becton Dickson) for apoptosis and
cell death.

Immunohistochemistry and Alcian Blue staining. A549 cells cultured as 3-D
aggregates or as monolayers were subjected to immunohistochemical character-
ization. For epifluorescence imaging, samples were rinsed twice with PBS solu-
tion containing 1 mM MgCl2 and 1 mM CaCl2 (DPBS) and then fixed with 4%
formaldehyde (methanol free; Ted Pella, Inc., Redding, Calif.) in PBS for 30
min. Free aldehydes were quenched with 50 mM NH4Cl in PBS for 10 min. The
fixed cells were then permeabilized in 0.1% Triton X-100 in PBS for 5 min before
nonspecific antigens were blocked for 60 min in 8% heat-inactivated goat serum.
Samples were incubated overnight at 4°C with the primary antibodies ZO-1 (BD
Transduction, San Diego, Calif.), occludin (a gift from J. S. Alexander, Louisian
State University, Shreveport, La.), E-cadherin (Chemicon, Temecula, Calif.),
�-catenin (Chemicon), MUC1 (Biomeda, Palatine, Ill.), MUC5AC (Biomeda),
type IV collagen (Biodesign, Saco, Maine), and laminin �1 (Biomeda) diluted
1:50 in blocking solution, followed by secondary antibodies conjugated to Alexa-
Fluor 488 or � 568 (Molecular Probes, Eugene, Oreg.). Counterstaining was
performed with 4�,6-diamidino-2-phenylindole hydrochloride (DAPI). Samples
were mounted in antifade solution (Molecular Probes). Epifluorescent images
were acquired with a Zeiss Axioplan II microscope. Series of horizontal optical
sections (0.3 �m each) were collected and subsequently deconvolved by using
Slidebook 3.0 software (Intelligent Imaging Innovations, Denver, Colo.). Images
represent a merging of sections spanning the apical region of A549 cells (for
junctional markers and MUC1) or the basolateral region (for collagen IV and
laminin) and are presented at a magnification of �630. 630�. They are repre-
sentative of several experiments.

A549 3-D aggregates and monolayer controls characterized for the tumori-
genic markers, pan-keratin (Boehringer, Indianapolis, Ind.), cytokeratin 7 (No-
vaCastra, Newcastle upon Tyne, United Kingdom), and vimentin (DSHB, Iowa
City, Iowa). were imaged by confocal microscopy as previously described (27).
The concentrations of the antibodies were each 2.5 �g/ml. Confocal imaging was
performed using a Zeiss LSM 400 series laser-scanning microscope. Fluoro-
chrome excitation of Alexa 488-labeled secondary antibodies was by 488-nm
filtered emission from a Kr-Ar laser source. Each image is the compilation of 16
scans of 2 s each, collected at identical exposure levels.

In addition, for the analysis of mucoglycoprotein production, A549 3-D ag-

FIG. 1. RWV bioreactor. The cylindrical cell culture chamber is
filled with growth medium, to which A549 cells are added. All bubbles
are removed by using 5-ml syringes, and the culture chamber is at-
tached to a base, which allows rotation of the chamber along the
horizontal axis (power supply not shown). As the vessel rotates, both
the wall and fluid mass rotate as a solid body. The sedimentation of the
cells is offset by the rotating fluid, which creates a state of constant free
fall of the cells in the growth medium. As the size of the aggregates
increases, the speed of rotation is increased in compensation to main-
tain free fall of the aggregates in the medium. Oxygen and carbon
dioxide exchange occurs through a gas-permeable silicone rubber
membrane in the back of the chamber. The base shown is capable of
maintaining four RWV bioreactors simultaneously (two RWV reactors
with 5-ml syringes are shown attached to the base on the right-hand side).
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gregates and monolayer controls were paraffin embedded, sectioned, and stained
with Alcian Blue in preparation for analysis by light microscopy.

SEM. For scanning electron microscopy (SEM) analysis, 3-D cell aggregates
and monolayer samples were infected with P. aeruginosa for either 1, 3, or 6 h and
subsequently fixed in SEM fixative (3% glutaraldehyde plus 0.5% paraformal-
dehyde in PBS [pH 7.2]). After a minimum of 24 h of fixation, the samples were
flushed in triplicate with filter-sterilized deionized water to remove salts and
transferred for observation in a Philips XL 30 ESEM instrument (FEI Co.,
Hillsboro, Oreg.). The chamber pressure was adjusted between 1 and 2 Torr to
optimize image quality.

Adherence and invasion analysis. P. aeruginosa adherence and invasion into
A549 3-D aggregates and monolayer controls was assessed by a standard genta-
micin exclusion assay as previously described (12) with the following modifica-
tions. P. aeruginosa was incubated with either the A549 3-D aggregates or
monolayer controls in 24-well plates for 1 or 2 h. Trypan blue dye exclusion
determined the average number of viable cells per well, and this was used to
achieve the average multiplicity of infection of 10:1. After 1 h, the A549 cells
were washed twice with PBS and lysed with 0.1% sodium deoxycholate to de-
termine the number of bacteria adhered to the A549 cell surface. At the 1-h time
point, the GTSF-2 medium in the samples to be assayed for invasion was re-
placed with fresh GTSF-2 medium containing 50 �g of gentamicin per ml. After
2 h the A549 cells were lysed with 0.1% sodium deoxycholate to determine the
number of bacteria that had invaded. Bacterial counts were determined by serial
dilution of three different wells, and the bacteria were plated onto Luria-Bertani
agar. After 16 h, the CFU/per milliliter was determined. All experiments were
replicated in triplicate.

Analysis of cytokine expression. A549 3-D aggregates and monolayer controls
were infected for 6 h with P. aeruginosa, and their cytokine expression profiles
were analyzed via a cytometric bead array (CBA) (BD Biosciences). Both the
3-D aggregates and monolayer controls were infected; supernatants were col-
lected from three wells, pooled, and processed as specified by the manufacturer
for each time point. Cytokine expression was analyzed on a FACSCaliber flow
cytometer. All experiments were performed in triplicate from independent
batches of A549 3-D aggregates and monolayers. As a control for discrepancies
in numbers of cells, the A549 3-D aggregate and monolayer cells were normal-
ized by lysis with 0.1% sodium deoxycholate, and the total protein was quantified
by the Bradford assay. The amounts of cytokines produced by each sample were
normalized to the amount of total protein in that sample. Fold induction was
determined by dividing the amounts of cytokine produced in infected cells by the
amount of cytokine produced in uninfected cells.

RESULTS

Growth of A549 lung epithelial cells in the RWV bioreactor.
The optimal incubation period necessary to maximize 3-D ag-
gregate formation while maintaining high cell viability was
determined for A549 cells in the RWV bioreactor. Initially,
A549 cells were cultured in the RWV reactor for 1, 2, or 4
weeks and compared to monolayer controls to determine a
period of maximal growth and viability. Cells grown for 1 week
did not form aggregates of sufficient size to be used for further
examination. Likewise, cells that were incubated for 4 weeks
showed a significant decrease in viability (data not shown).
Cells grown for 2 weeks in the RWV reactor exhibited ade-
quate aggregate formation and retained approximately 84%
viability compared with 86% for the monolayer controls grown
for 2 to 3 days (Fig. 2). A 2-week incubation period for the
A549 lung epithelium cells in the RWV reactor provided op-
timal 3-D aggregate formation without compromising the via-
bility of the cells, and the 3-D aggregates grown for this period
were utilized for the rest of the studies.

A549 3-D aggregates display an upregulation of junctional
markers. We examined the state of differentiation of the A549
3-D aggregates compared to that of the same cells grown as
monolayers with respect to junctional integrity (Fig. 3). Cells
were stained with four different antibodies to markers indica-
tive of junction formation: ZO-1, occludin, E-cadherin, and

�-catenin (40). In confluent A549 monolayers, the ZO-1 trans-
membrane protein was expressed at cell-cell contacts (Fig. 3B).
However, 3-D cells clearly showed organization of ZO-1 that
formed continuous circumferential zones of contact between
adjacent cells, indicative of differentiated and polarized cells
(Fig. 3A). The tight-junctional component occludin showed
significant differences between the two cultures. Most 3-D cells
expressed occludin at cell-cell borders, the distribution antici-
pated for normal differentiated epithelial cells (Fig. 3C). By
comparison, in A549 monolayer cultures, occludin was weakly
expressed in cell membranes (Fig. 3D).

E-cadherin plays a crucial role in the maintenance of the
epithelial junctional complex and, as such, is important in
maintaining epithelial integrity (14, 41). This marker is very
densely and discretely expressed at junctional complexes in
3-D cells since it is localized in or along the cell-cell contacts
similar to differentiated epithelial cells in vivo (Fig. 3E). In
contrast, the A549 monolayer E-cadherin only marginally lo-
calized to cell-cell interfaces, with the majority of expression
occurring throughout the cytoplasm (Fig. 3F), unlike the 3-D
cells, where expression was limited to the cell-cell interface
(Fig. 3E). The junctional linker protein �-catenin participates
in the cadherin-�–�-catenin–cytoskeleton complex (45), and
showed weak junctional organization, with nuclear association

FIG. 2. A549 3-D aggregates displayed no loss of viability after a
2-week incubation in the RWV bioreactor. A549 3-D aggregates were
stained for determination of the optimal growth conditions in the
RWV bioreactors, such that there was aggregate formation without a
loss of cell viability. The cells were disassociated with 0.25% trypsin,
washed, and stained with Annexin V and propidium iodide and then
underwent flow cytometry. Monolayers (A) were 86% viable, and 3-D
aggregates (B) were 84% viable.
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FIG. 3. A549 3-D aggregates displayed greater staining of junctional differentiation markers than did to A549 monolayer controls. A549 3-D
aggregates (A, C, E, and G) and A549 monolayers (B, D, F, and H) were fixed and stained with antibodies against ZO-1 (A and B), occludin (C
and D), E-cadherin (E and F), and �-catenin (G and H). 3-D aggregates showed more staining with distinct localization to the cell-cell interfaces,
while monolayers had a diffuse pattern of staining.
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within A549 cells cultured as monolayers (Fig. 3H). However,
this marker was more highly enriched within the junctions of
the 3-D cultured cells (Figs. 3G). These results suggest that
3-D A549 cells may form highly organized junctions, leading to
better barrier integrity than in the same cells cultured as mono-
layers.

A549 3-D aggregates displayed greater staining of markers
for epithelial polarity, type IV collagen, and laminin. The
extracellular matrix protein type IV collagen is the main com-
ponent of the basement membrane (7). Cells cultured as 3-D
aggregates revealed a localization pattern consistent with an
extracellular accumulation of this protein, while in A549
monolayers, collagen IV appeared to be retained to the pe-
rinuclear space (Fig. 4A and B, respectively). The organization
of collagen IV production in 3-D cells indicated a polar, more
differentiated phenotype in 3-D than in monolayer culture.

Similarly, laminin is responsible for the necessary stimulus
for proper cell adhesion (30). In the 3-D aggregates, laminin was
isolated to the basolateral surface and was localized to the perim-
eter of the cells (Fig. 4C). The A549 monolayers stained poorly
with the antilaminin antibody, thereby suggesting a lack of ex-
pression when A549 cells are cultured as monolayers (Fig. 4D).

A549 3-D aggregates exhibited characteristic extracellular
differentiation markers including mucin glycoproteins, MUC1
and MUC5AC. The A549 3-D aggregates and monolayer con-
trols were stained with Alcian Blue, and immunohistochemis-
try was performed to detect the presence of mucopolysaccha-
rides (Fig. 5). The A549 3-D aggregates stained positive for
Alcian Blue, thereby indicating the presence of mucopolysac-
charides (Fig. 5A). However, staining of the A549 monolayer
controls revealed no staining for Alcian Blue, suggesting a lack
of production of mucopolysaccharides (Fig. 5B).

To further characterize the production of mucins by the
A549 cells grown as 3-D aggregates, both the 3-D aggregates
and monolayer controls were stained with antibodies to MUC1
and MUC5AC. The MUC1 gene product is a cell-associated
glycoprotein expressed on the apical surface of most normal
secretory epithelia. The precise function of this protein is not
well understood, although it is probable that its apical local-
ization is important for its function. In A549 monolayers,
MUC1 appeared to be entirely nucleus associated, in contrast
to 3-D cultures, where immunostaining clearly showed segre-
gation of the label to the apical domain of these cells (Fig. 5D
and C, respectively). The MUC5AC gene codes for a secreted

FIG. 4. A549 3-D aggregates displayed greater staining toward markers indicative of polarity. A549 3-D aggregates and monolayers were
analyzed by immunohistochemistry for two markers of epithelial polarity, type IV collagen and laminin. The 3-D aggregates displayed greater
staining for both type IV collagen (A) and laminin (C) at their basolateral surface than did monolayers (B and D, respectively).
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gel-forming mucin containing cysteine-rich domains and is
generally detected in goblet or goblet-like cells (42). Growth of
the A549 cells as 3-D aggregates exhibited a staining pattern of
MUC5AC that is indicative of an apically secreted mucin (Fig.
5E). On the other hand, monolayers revealed low-level perinu-
clear expression of MUC5AC (Fig. 5F).

A549 3-D aggregates displayed a reduced staining for can-
cer-specific markers. The A549 3-D aggregates exhibited de-
creased expression of the carcinoma markers pan-keratin, cy-

tokeratin 7, and vimentin (Fig. 6). The A549 monolayer cells
(Fig. 6B) showed more intense staining with anti-pan-keratin
antibodies than did the 3-D aggregates (Fig. 6A), indicating a
reduction of keratin isoforms in the 3-D culture. Abnormal
cytokeratin 7 expression is used to identify lung adenocarci-
noma (21), and staining appeared greater in the monolayer
cells than the 3-D aggregates for this marker (Fig. 6C and D,
respectively). Additionally, A549 3-D aggregates appeared to
contain less vimentin (Fig. 6E and F, respectively). The 3-D

FIG. 5. 3-D A549 aggregates showed mucoglycoprotein production by Alcian Blue staining and immunohistochemistry. A549 lung epithelium
grown as 3-D aggregates produce mucoglycoproteins (A), unlike their monolayer counterparts (B), as indicated by Alcian Blue staining. Moreover,
the A549 3-D aggregates displayed greater staining for both MUC1 and MUC5AC (C and E), showing localization to the apical surface. However,
the A549 monolayers only marginally stained for MUC1 and MUC5AC (D and F), with the stain concentrating in the perinuclear region. Taken
together, these results indicate the production of the differentiation marker, mucin, by the 3-D aggregates and not by the monolayer controls.
Arrows indicate mucoglycoprotein-producing cells. Asterisks indicate Cytodex-3 carrier beads.
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aggregates had a distinct pattern of vimentin and cytokeratin 7
localization to the outer edges of the cells, while the antibodies
for both detected these proteins throughout the cytoplasm of
the monolayers. Taken together, these results indicate that the
3-D aggregates decrease the amounts of cancer-specific cell
markers and properly localize them, suggesting an in vivo-like
physiology.

P. aeruginosa bound to and penetrated A549 monolayer cells
more efficiently than A549 3-D aggregates. To compare the
response of A549 3-D aggregates and monolayers to P. aerugi-
nosa infection, a standard gentamicin exclusion assay was used
to determine the numbers of bacteria that adhered to and
invaded the cells (Fig. 7A and B, respectively). Approximately
19-fold more bacteria adhered to the A549 cells grown as
monolayers compared to the same cells grown as 3-D aggre-
gates. Moreover, 40-fold more bacteria penetrated the mono-
layers than penetrated the 3-D aggregates. Taken together,
the adherence and invasion assays indicate that P. aeruginosa
PAO1 readily adhered to and penetrated the A549 monolayers
but not the A549 3-D aggregates.

Additionally, we examined the ultrastructural morphology of
the A549 3-D aggregates and monolayers after P. aeruginosa
challenge. The cells were visualized using SEM at 0, 3, or 6 h
post-challenge (Fig. 8). Both A549 monolayers and 3-D aggre-

gates appear normal before infection (Fig. 8A and B, respec-
tively). However, after 3 h following the P. aeruginosa chal-
lenge, cells within the A549 monolayers rounded and detached
from the plastic surface (Fig. 8C). The A549 3-D aggregates
also appeared to be undergoing morphological changes, but
these were in the form of mild blebbing of the plasma mem-
brane (Fig. 8D). By 6 h postinfection, the majority of the A549
monolayer cells exhibited rounding and detachment, while the
3-D aggregates showed more severe blebbing of the plasma
membrane (Fig. 8E and F, respectively). On greater magnifi-
cation after 6 h, the surface of the A549 3-D aggregates ap-
peared pocked and severely damaged, to the extent that it ap-
peared there were “holes” in the plasma membrane (Fig. 8H),
yet the monolayer control exhibited no such damage (Fig. 8G).

A549 3-D aggregates showed greater fold induction of IL-12,
TNF-�, IL-10, and IL-6 than did monolayers after P. aerugi-
nosa infection. To determine the effects of P. aeruginosa infec-
tion on the 3-D aggregates and monolayers, a cytokine profile
of the A549 3-D aggregates and A549 monolayers was deter-
mined by a CBA to quantify the interleukin-12 (IL-12), tumor
necrosis factor alpha (TNF-�), IL-10, IL-6, IL-1�, and IL-8
produced (Fig. 9). At 6 h postinfection, there was a greater
induction of IL-12, TNF-�, IL-10, and IL-6 in the A549 3-D
aggregates than in the monolayer controls. However, the fold

FIG. 6. A549 3-D aggregates displayed reduced staining of cancer-specific markers compared to A549 monolayer controls. A549 3-D aggregates
(A, C, and E) and A549 monolayers (B, D, and F) were fixed and stained with antibodies against pan-keratin (A and B), cytokeratin 7 (C and D),
and vimentin (E and F). The 3-D aggregates showed a reduced expression of these cancer stains toward cancerous markers compared to
monolayers. Asterisks indicate Cytodex-3 carrier beads.
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induction with respect to noninfected cells was increased for
IL-1� in the A549 monolayers compared to the 3-D aggre-
gates. There was no significant difference between the A549
monolayers and the 3-D aggregates with respect to IL-8 pro-
duction (Fig. 9).

DISCUSSION

Interactions between bacterial pathogens and host cells are
complex and numerous. While conventional tissue culture meth-
ods, such as monolayers, have allowed researchers to dissect
the interplay between pathogen and host, the exact nature of
these interactions is not completely understood. This is partly
because dissociation of in vivo cells propagating as monolayers
on flat plastic substrates in vitro causes both structural and
biochemical augmentation (13). The RWV bioreactor is an
optimized form of suspension culture providing a low-shear
environment that minimizes mechanical cell damage and per-
mits the generation of 3-D tissue-like assemblies modeling
many aspects of in vivo human tissue (16, 38, 43). This system
has produced high-fidelity 3-D cell culture models of human
intestinal epithelium for use in Salmonella pathogenesis (27;
R. Ramamurthy, K. H. zu Bentrup, C. M. Ott, S. Alexander,
K. Emami, M. Nelman-Gonzalez, T. Goodwin, D. Pierson,
N. R. Pellis, and C. A. Nickerson, Abstr. 104th Gen. Meet. Am.
Soc. Microbiol. 2004, abstr. B-027, 2004) and viral infection
studies (24, 25). Currently, a variety of 3-D cell types are under
investigation for use in pathogenesis studies (28; H. M. Car-
valho, J. F. Sinclair, G. Goping, L. D. Teel, and A. D. O’Brien,
Abstr. 104th Gen. Meet. Am. Soc. Microbiol. 2004, abstr. B-012,
2004.; Y. C. Smith, M. Mills, and A. D. O’Brien, Abstr. 104th

Gen. Meet. Am. Soc. Microbiol. 2004, abstr. B-018, 2004). In
this study, A549 lung epithelial aggregates were generated
specifically for the study of P. aeruginosa pathogenesis and
shown to more closely approximate the parental tissue than did
their monolayer-grown counterparts.

Time course analysis of growth conditions of A549 cells in
the RWV bioreactor optimized the time frame that permitted
adequate growth and aggregate formation yet maintained cell
viability. After a 2-week incubation in the RWV reactor, A549
cells displayed greater than 80% viability; however, 4 weeks of
culture reduced the viability of the 3-D aggregates to less than
50%. Empirical determination of cell viability and aggregate
formation needs to be made for each cell type grown in the
RWV bioreactor.

In polarized epithelia, specialized structures such as tight
junctions and adherens junctions are responsible for the
establishment of contacts between neighboring cells to en-
sure the separation between apical and basolateral regions of
the plasma membrane. Tight junctions are a collection of pro-
teins that regulate diffusions across the epithelium (40). Inter-
estingly, there is evidence that A549 lung epithelial cells do not
form functional tight junctions, failing to show significant im-
munostaining against the tight-junction protein ZO-1 (46).
However, there was diffuse, nonlocalized expression of the
tight-junction protein occludin by the A549 monolayers. More
importantly, the A549 3-D aggregates displayed significant im-
munostaining against ZO-1 that localized to the cell-cell inter-
face. The 3-D aggregates expressed occludin, another tight-
junction protein, on the outer periphery of the cells, indicating
proper localization to the points of cell contact between neigh-
boring cells.

Cadherins are a family of proteins that mediate cell-cell
interactions between neighboring epithelioid cells, via adher-
ens junctions, usually in a calcium-dependent manner (9). E-
cadherin is thought to be an important component of the
signaling cascade between the cell and the extracellular milieu
by linking to the actin cytoskeleton via several submembrane
proteins, including �-catenin (14, 45). Studies of cancer cell
lines have shown that changes in the structure or expression of
the components of the E-cadherin/�-catenin complex result in
suppression of the cell-cell adhesion and in expression of an
invasive phenotype (41). The 3-D aggregates avidly expressed
both E-cadherin and �-catenin to the outer edges of the cells
wherever the cells made contact with neighboring cells. How-
ever, the monolayers had irregular and sporadic localization
of E-cadherin and �-catenin. Together, immunohistochemistry
results for tight and adherens junctions suggest that RWV
cultivation allows A549 3-D aggregates to form more in vivo-
like junctional complexes.

The basement membrane constituents, including type IV
collagen and laminin, are basolateral proteins essential in pro-
viding the scaffolding and support necessary for polarity in
functional tissues (7). Collagens are the primary structural
proteins that help give the basement membrane its stability,
with type IV being the most important in barrier epithelia.
Therefore, we examined the localization of type IV collagen in
the A549 3-D aggregates and monolayer cells. Evidence of type
IV collagen production was seen in both the 3-D aggregates
and the monolayers; however, there was a marked distinction
in localization. The 3-D aggregates displayed localization to

FIG. 7. P. aeruginosa readily bound to and penetrated the A549
monolayer cells but not the A549 3-D aggregates. (A) P. aeruginosa
bound to the A549 monolayers 19-fold more than to the 3-D A549
aggregates when examined as a percentage of the total bacteria ad-
hered. (B) Of the bacteria that adhered, fourfold more of the adherent
bacteria penetrated into the monolayers than into the 3-D aggregates.
***, P � 0.001 using an unpaired t test.
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FIG. 8. P. aeruginosa infection damaged the cellular surface of A549 3-D aggregates but caused rounding and detachment of A549 Monolayers.
Images were taken of uninfected monolayers and 3-D aggregates (A and B, respectively), 3 h after infection with P. aeruginosa (C and D, respectively),
6 h postinfection (E and F, respectively), and 6 h postinfection at a higher magnification (G and H, respectively). While 3-D aggregates appear
to be causing greater damage to their plasma membrane, they do not round and detach from the substrate as the monolayer control does.
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the basolateral surface of the cell. However, nuclear localiza-
tion of the collagen in the monolayers suggested improper
synthesis. In conjunction with collagen, laminin plays an im-
portant role in the adhesion of the individual cells to the
extracellular matrix, where they are known to effect cell differ-
entiation (7). The deregulation of laminin in tumor cells leads
to increased invasion and metastasis (30). Laminin production
was found in the 3-D aggregates on the basolateral face, par-
ticularly where the cells contacted the microcarrier bead. How-
ever, the monolayers showed almost a complete lack of laminin
after analysis by immunohistochemistry. Therefore, evidence
of increased synthesis and proper localization of both type IV
collagen and laminin by the 3-D aggregates denotes the estab-
lishment of polarity, further suggesting that their organization
more closely resembles in vivo tissue.

Mucus is a normal constituent of lung epithelia and is com-
posed primarily of large, heavily glycosylated proteins with
sizes ranging from several hundred to thousands of kilodaltons
(6, 44). Currently 13 different mucin genes (MUC) have been
identified, with MUC2, MUC5AC and MUC5B being the pri-
mary respiratory mucins (4, 44). However, both MUC2 and
MUC5B are expressed at very low levels in respiratory carci-
noma cell lines such as A549 (4). Furthermore, MUC1 has
been suggested as an additional adhesin for the P. aeruginosa
protein flagellin (23, 34). There are several adhesin-receptor
pairs that have been candidates for P. aeruginosa, but a single
factor has yet to emerge; therefore, it is more likely to be a
combination of various adhesins that mediate the event (1, 10,
31, 33, 35, 36). This may explain why the A549 monolayers have
more adhesin while producing reduced amounts of MUC1.
The 3-D aggregates, as opposed to the monolayers, stained
with Alcian Blue, indicating extracellular production of muco-
glycoproteins. Further investigation by immunohistochemistry
revealed that the A549 3-D aggregates produced both MUC1
and the major respiratory system-associated mucin MUC5AC.
Both of these proteins were found on the apical surface of the
3-D aggregates, indicating proper localization. The monolayers

produced minimal amounts of both MUC1 and MUC5AC,
localized to the perinuclear regions of the cells, possibly within
the Golgi-endoplasmic reticulum complex. These results
showed that mucin was produced extracellularly by the 3-D
A549 cells and intracellularly by the monolayer-grown cells,
indicating a more relevant in vivo-like expression of mucins by
the 3-D aggregates.

Keratin and cytokeratin 7 were used in these immunohisto-
chemical studies as identifiers of carcinomas, since their ex-
pression in normal tissue is a tissue-specific phenomenon (21).
They form the intermediate filament proteins that are partially
responsible for the structural integrity and shape of epithelial
cells based on their incorporation into the cytoskeleton (9).
Another carcinoma marker tested, vimentin, is also an inter-
mediate filament protein. It mediates cell structural adherence
about the basolateral surfaces and is most often associated
with motile fibroblast-like phenotypes. In A549 monolayers,
these markers were not localized to any specific region within
the cells but instead were found throughout the cytoplasm and
membrane. Conversely, the 3-D aggregates displayed down-
regulation or proper localization of cancer-specific markers by
the 3-D aggregates, suggesting in vivo organization.

The results of adherence and invasion studies confirmed
reports of what happened when a different P. aeruginosa strain
was used to infect A549 monolayers. Chi et al. reported that
P. aeruginosa strain PAK bound avidly to A549 monolayers and
that the bacteria were internalized 2 to 3 h postinfection (8).
Additionally, these investigators observed rounding and de-
tachment of approximately 40% of the A549 epithelial cells
from the plastic substrate 3 h postinfection (8). When the 3-D
A549 aggregates were challenged with P. aeruginosa PAO1,
only marginal adherence was observed and the bacteria rarely
penetrated the epithelial cells. These observations are consis-
tent with previous reports of the invasiveness of P. aerugi-
nosa. Evidence obtained with Madin-Darby canine kidney cells
(MDCK) (11), corneal epithelial cells (12), and the human
bronchial epithelial 14o- cell line (32) suggested that P. aerugi-
nosa does not invade cells with defined polarity and tight
junctions. Taken together, the lack of P. aeruginosa PAO1
penetration and the enhanced formation of tight-junction com-
plexes by the 3-D aggregates indicate a higher degree of dif-
ferentiation.

The results of adherence, invasion, and tissue pathology
studies provided insight into the pathogenic relationship be-
tween P. aeruginosa and A549 epithelial cells. The monolayer
controls reacted differently to infection than did the 3-D ag-
gregates. Indications of this finding included the rounding and
detachment of the monolayer A549 cells from the plastic. This
is in stark contrast to the 3-D aggregate response to the infec-
tion, since the 3-D aggregates remained bound to their micro-
carrier beads and displayed plasma membrane alterations
rather than overall changes in structural morphology. The
changes displayed by the 3-D aggregates included cytoskeletal
changes such as blebbing and lesion formation. These struc-
tural alterations appeared to worsen over the course of the
infection, but at no time did the cells physically detach from
the microcarrier beads. Interestingly, few bacteria were visu-
alized on the 3-D aggregates, and, according to the invasion
assays, few were internalized. This finding is consistent with
what was previously reported for S. enterica serovar Typhi-

FIG. 9. A549 3-D aggregates exhibited a greater induction in the
cytokines IL-12p70, TNF-�, IL-10 and IL-6 than did A549 monolayers.
The result of CBA analysis of cytokine production in A549 3-D aggre-
gates and monolayers at 6 h after infection with P. aeruginosa is shown.
A549 3-D aggregates exhibited greater induction of the cytokines IL-
12p70, TNF-�, IL-10, and IL-6, than did to A549 monolayers. Mono-
layers exhibited a greater induction of IL-1� and IL-8. Supernatant
was collected from three independent wells from triplicate experi-
ments. ***, P � 0.001; *, P � 0.05 (unpaired t test).
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murium infection of 3-D models of human small intestinal
epithelium (27). Therefore, our SEM analysis supports find-
ings from adherence assays showing that few bacteria were
adhered to the 3-D aggregate cell surface. Previous findings
(11, 32) asserting that junction complex formation prevented
P. aeruginosa from penetrating into the epithelia are supported
by the present work investigating the use of A549 3-D aggre-
gates as a pathogenesis model.

Due to their actions as mediators of the host immune re-
sponse, cytokines released with the onset of an infection are
important host-mediated factors in deciding the direction and
outcome of the disease progression (39). The establishment of
a chronic P. aeruginosa infection in the lungs of patients with
cystic fibrosis is thought to constantly restimulate the sur-
rounding tissues to produce proinflammatory cytokines en-
hancing the destructive pathobiology witnessed in the lungs of
patients with cystic fibrosis, presumably by the continued im-
mune cell effector response (5, 19, 20, 37). Therefore, evalu-
ating the differences in the cytokine profiles between the 3-D
aggregates and the monolayers was particularly important to
determine the usefulness of the 3-D aggregate system in patho-
genesis studies. The 3-D aggregates responded to P. aeruginosa
challenge by increasing the production of the cytokines IL-
12, TNF-�, IL-10, and IL-6. It is not surprising that the 3-D
aggregates, in elevating proinflammatory IL-12 levels, also
exhibit induction of anti-inflammatory IL-10, thereby con-
stituting a negative-feedback system where proinflammatory
cytokines induce anti-inflammatory mediators to regulate the
potentially destructive inflammatory state (26). However, more
importantly, the monolayer controls do not exhibit as strong an
IL-10 response as the 3-D aggregates, suggesting a weak neg-
ative-feedback mechanism. Therefore, it would appear that the
cytokine profile of the 3-D aggregates could be more repre-
sentative of the complex regulatory network that governs the
proinflammatory cascade. This pattern of regulation is not
seen in the monolayers, as evidenced by the undiminished lev-
els of IL-1�. Together, these results indicate a level of cytokine
regulation in the 3-D aggregates that more resemble the cas-
cades found in vivo.

Our results with the A549 lung epithelial cell line grown in
the RWV bioreactor were similar to those obtained by Nick-
erson et al. with Int-407 intestinal epithelial cells with respect
to markers of epithelial cell differentiation and organization,
tight-junction formation, cancer-specific markers, and cytokine
production (27). Both the intestinal and lung epithelial cell
lines cultured in the RWV bioreactor displayed increased ex-
pression of specific epithelial cell markers and expression of
mucus. Additionally, both the 3-D intestinal and lung cell lines
had decreased expression of cancer-specific cell markers. More-
over, there were significant differences in cytokine production
(for the A549 cell line) and cytokine gene expression (for
Int-407) between the 3-D aggregates and monolayer cultures
postinfection. Taken together, the results of experiments with
two independent epithelial cell lines (A549 and Int-407) indi-
cate that the growth conditions in the RWV reactor induce in
vivo-like expression of cellular contact proteins and extracel-
lular matrix proteins and downregulate cancer-specific markers
compared to the same cells grown as monolayers. Moreover,
the abilities of the pathogens (Salmonella in the case of Int-407
cells and Pseudomonas in the case of A549 cells) to cause

infection were more in vivo-like for the 3-D aggregates than for
the monolayers in both cases. However, as with all in vitro
models, limitations exist. The temporal and structural changes
of cell functions such as protein expression, signaling events,
and mucin production are surely all affected by RWV cultiva-
tion, but unfortunately these questions will be answered only
by future extended and detailed studies. While the 3-D aggre-
gates show similarities to in vivo tissue, they are not a replace-
ment for actual tissue, and the model is presented as another
possibility for researchers. Nevertheless, results from these
studies further support the utility of the RWV bioreactor to
provide physiologically relevant models of human cells and
tissues for use in studying infectious disease.
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